Hyperlactataemia as a result of insufficient tissue perfusion is frequently seen in critically ill patients and in patients undergoing emergency procedures. Although the measurement of blood lactate levels is widely used to assess the adequacy of tissue perfusion, the interpretation of elevated blood lactate levels is limited by several confounding factors, such as acute changes in acid -base balance, inter-organ substrate flux, peripheral and visceral tissue perfusion, and hepatic lactate uptake.
Lactate kinetics in the hepato-splanchnic region are difficult to assess in man because of lack of access to the portal vein for blood sampling, complex hepatic blood flow regulation, and a large reserve of the liver to extract lactate. For example, prolonged mesenteric ischaemia does not necessarily result in systemic hyperlactataemia due to increased hepatic lactate uptake and blood flow redistribution between superior mesenteric and coeliac trunk perfusion. 1 Hepatic lactate uptake is a linear function of prehepatic lactate concentrations. 2 -5 In sheep, the hepatic uptake during lactate infusion is a saturable process with second-order kinetics. 6 However, several factors modify this relationship, among them blood flow, 7 substrate availability (e.g. glucose), 8 pH, 7 9 and sepsis. 10 Interestingly, reduction in the size of healthy liver parenchyma does not lead to hyperlactataemia in patients after major hepatectomy, demonstrating large liver functional reserve with maintained lactate metabolism.
responsible for the disposal of roughly one-fifth of the lactate load during sodium lactate infusion in healthy volunteers 21 and lactic acid infusion in dogs. 22 Lactate metabolism also occurs in the adipose tissue 23 and in portal drained viscera. 6 At arterial lactate concentrations .9 mmol litre 21 , peripheral tissues remove more lactate than the liver. 6 The effect of the site of lactate infusion (or production) on local and remote organ lactate uptake, and the resulting systemic lactate appearance, has not been investigated. We hypothesized that (i) arterial lactate concentration determines the lactate exchange in extra-hepatic organs and (ii) at a similar total hepatic lactate influx, hepatic lactate uptake is enhanced when lactate is infused in the portal vein when compared with the central vein. According to this hypothesis, all organs will participate in lactate uptake when arterial lactate increases. Depending on their effective capability to metabolize lactate, the organs will however release some of the lactate load when arterial lactate concentrations decrease later. Moreover, a given lactate load should result in lower arterial lactate concentrations when originating from the splanchnic region when compared with other regions. Consequently, prehepatic lactate production would be more difficult to detect.
Methods
The study was performed in accordance with the National Institutes of Health guidelines for the care and use of experimental animals and with the approval of the Institutional Animal Care and Use Committee of the University of Kuopio, Finland. The experimental setup has been described previously in detail. 1 infusion lasting 20 min. Saline infusions were administered at the same rates. At baseline (time0), and after each 20 min step (time20 to time140), systemic and regional blood flows were measured, and blood samples were drawn from radial and pulmonary arteries and from femoral, renal, mesenteric, proximal portal, and hepatic veins for blood gas analysis and determination of haemoglobin and plasma lactate concentrations. The measurements were continued at 20 min intervals for 1 h after the last step of lactate infusion. At the end of the experiment, the animals were killed with an i.v. overdose of magnesium. Haemodynamic monitoring is described in the Supplementary material.
Regional blood flow, blood gas, haemoglobin, and lactate measurements
Ultrasound transit-time flow probes were calibrated in vitro before recording of the signals (Flowmeters T108 and T208, Transonic Systems Inc.). Blood samples for the measurement of haemoglobin, blood gas analysis, and lactate were analysed immediately after withdrawal. Haemoglobin concentrations and oxygen saturations were measured with an analyzer designed for porcine blood (OSM 3, Radiometer, Copenhagen, Denmark). Blood gases were analysed at 378C in a blood gas analyzer (ABL 500, Radiometer). An amperometric enzyme sensor method (YSI 2300 Stat Plus w , YSI Inc., Yellow Springs, OH, USA) was utilized to measure plasma lactate. Calculations for regional lactate exchanges are given in the Supplementary material.
Statistics
Detailed statistics are described in the Supplementary material. Briefly, differences between groups for normally distributed variables (Kolmogorov -Smirnov test) were assessed by analysis of variance (ANOVA) for repeated measurements using one dependent variable, one grouping factor (PV, CV, and controls), and one within-subject factor (time). In the case of non-normality, differences at baseline were tested using the Kruskal-Wallis test. Afterwards, changes over time were evaluated separately in each group using Friedman's test. The relationship between arterial lactate concentration and the various regional lactate exchanges was explored by linear regression analysis. Data are presented as mean and standard deviation (SD) or as median [95% confidence interval (CI)] as appropriate. Statistical significance was defined as P,0.05.
Results
At baseline (time0), variables were similar in all groups.
Systemic haemodynamics
Cardiac output increased during lactate infusion in the PV and CV groups, without differences between groups (see Supplementary Table S1 ).
Regional blood flow
Except for an increase in hepatic arterial blood flow in both lactate infusion groups, there were no differences between groups (see Supplementary Table S2 ).
Blood gases and oxygen transport
Arterial pH and base excess increased in both lactate infusion groups (P,0.05), whereas arterial and mixed venous oxygen saturation decreased in these two groups (see Supplementary Table S3 ). Systemic oxygen consumption tended to decrease during lactate infusion in both groups (timegroup interaction, P,0.05).
Tonometry data
Gastric-and jejunal mucosal-arterial PCO 2 gradients decreased during the first 80-100 min in all groups (time effect for both P,0.05) without between-group differences (see Supplementary Table S4 ).
Lactate concentrations and lactate deliveries
Data on regional lactate concentrations and lactate deliveries are presented in Figure 1 and Tables 1 and 2. All concentrations remained stable in the control group. Both CV and PV groups showed an increase in lactate concentration at all measured locations, with significant differences between them in the portal vein lactate concentrations at 80 min of lactate infusion and in the hepatic vein lactate concentrations at 80 min of lactate infusion. In both CV and PV groups, lactate deliveries increased steadily during the infusion phase and decreased afterwards, whereas the control group remained stable. A statistically significant difference between CV and PV was found for portal lactate delivery at 20, 60, and 80 min of lactate infusion (all P,0.05). 
Lactate exchange
Regional lactate exchanges are shown in Figure 2 . During lactate infusion, three distinct patterns were present: in femoral and mesenteric regions, lactate exchange increased during infusion and returned to baseline immediately after lactate infusion was stopped. In these regions, there were no differences between the CV and PV groups. In the liver and kidney, lactate exchange continued to be positive after the infusion had been stopped, and returned only gradually to baseline during the subsequent 60 min. Hepatic lactate exchange (uptake) was significantly greater in PV when compared with CV. Pulmonary lactate exchange was highly variable and increased only after lactate infusion had been stopped. Hepatic lactate exchange in relation to delivery is shown in Figure 3 . There were significant differences between the CV and the 
Discussion
The main finding of this study is a significantly higher hepatic lactate uptake during portal vein lactate infusion than during central vein infusion, even with similar total hepatic lactate delivery rates. Throughout the observation period, in addition to baseline lactate exchange, an amount equalling the total infused lactate was taken up in the liver in the PV group vs 50% in the CV group. In our model, maximal measured hepatic lactate uptake in the PV group was 127 mmol kg 21 min 21 , which is higher than maximal hepatic lactate uptake during central vein infusion in sheep (95 mmol kg 21 min 21 ). 6 Conceptually, the higher hepatic lactate uptake in the PV vs the CV group in our study can result from either higher hepatic blood flow or higher portal venous lactate concentrations. It has been demonstrated that hepatic lactate metabolism is flow-dependent. 25 However, portal venous blood flows were similar in both groups in our study, Effect of site of lactate infusion and hepatic arterial flows were higher in the central infusion group, suggesting that the portal venous lactate concentration was the main determinant in the presence of normal liver blood flow. Portal lactate concentration is also an important determinant of hepatic lactate uptake in situations where increased hepatic lactate influx is the result of mesenteric ischaemia. 1 However, during mesenteric ischaemia, hepatic arterial blood flow increases; the so-called hepatic arterial buffer response. 26 Whether an increased hepatic arterial blood flow helps to extract lactate delivered by the portal route is not known. At the highest lactate infusion rate, the liver remained the predominant site of lactate uptake: the hepatic, femoral, and mesenteric regions contributed 74%, 13%, and 5% (portal infusion) and 66%, 22%, and 7% (central infusion), respectively, to total lactate uptake in the measured regions. This is in agreement with other studies measuring prehepatic lactate removal in sheep 6 and lactate uptake in the muscle tissue in healthy volunteers. 21 Since we did not infuse higher lactate concentrations, we are unable to confirm the findings of Naylor and colleagues 6 that extra-splanchnic tissues extract more lactate than the liver at higher lactate delivery rates. In patients, dogs, and rats, the kidney was shown to remove 20-30% of lactate load. 6 18-20 Since we measured the flow only in one of several kidney arteries, our renal lactate uptakes (5-8% of total lactate uptake in the measured regions) clearly underestimate the contribution of the kidneys to total lactate clearance. Whereas lactate exchange decreased only gradually in the liver and kidney after the lactate infusion had been BJA Barthelmes et al. Effect of site of lactate infusion stopped, transient lactate uptake during lactate infusion in mesenteric and femoral regions turned to net lactate release very quickly. This is likely to reflect partial storage of lactate and later release, rather than active metabolism in these regions. The post-infusion changes in the mesenteric region did not differ significantly among the three groups examined. One possibility is a higher 'lactate storage' capacity of the mesenteric when compared with the femoral region, with later onset of lactate release. Since blood sampling was stopped at 140 min, we have no data to support this hypothesis. At the highest lactate infusion rate, total apparent tissue lactate uptake (the sum of uptakes in the measured regions) was much higher in the PV group ( 27 This was not done in the present study, both for technical reasons and due to the blood volume needed for the analyses. We interpret the increasing systemic oxygen consumption during lactate infusion as the consequence of increased lactate metabolism, and the decreasing arterial oxygen saturation as a consequence of increasing systemic oxygen extraction and intra-pulmonary shunt. 28 This study has limitations. First, lactate was infused and not produced by tissue hypoxia. Accordingly, effects of changes in systemic and regional blood flows, acidosis, and/or inflammation on regional lactate metabolism were not taken into account. 7 -10 Nevertheless, effects of regional lactate exchange during mesenteric ischaemia 1 and systemic hypoperfusion 25 have been addressed. Secondly, since no tracers were used, the relationship between lactate uptake, storage, metabolism, and release, and the extent to which all of these processes occurred in the various tissues, cannot be addressed. In summary, this study demonstrates that portal vein lactate concentration is an important determinant of hepatic lactate uptake. However, time course and magnitude of increases in arterial plasma lactate concentrations as a result of regional lactate infusion are not dependent on the site of lactate infusion. Besides several organs such as the liver or the kidney that contribute to lactate extraction, other parts of the body, such as the mesenteric region or the legs, may also have an important function in removing lactate from the blood. Our data suggest that in these regions, the arterial lactate concentration is the main determinant of tissue lactate uptake. If lactate is infused into a central vein, extra-hepatic tissues extract more lactate than the liver. 28 (12) 65 (18) 113 (29) 162 (42) 69 (16) 47 (11) 33 (12) ,0 (21) 194 (45) 472 (148) 867 (254) 1536 (429) 686 (286) 448 (211) 314 (159) Control 68 (14) 67 (18) 61 (12) 58 (15) 51 (11) 51 (14) 52 (13) 52 (15) Time ( 
